We have investigated the biosorption of pyrocatechol violet (PCV) from aqueous solutions by Robinia pseudoacacia tree leaves as a low-cost and eco-friendly biosorbent. A full factorial design was The biosorption kinetic data were fitted with the pseudo-second-order kinetic model (R 2 > 0.999).
INTRODUCTION
, solvent extraction (Lee et al. ) , membrane filtration techniques (Alven-high cost. Therefore, the development of efficient, low-cost and environmentally friendly technologies to reduce dye content in wastewater is necessary. Among the numerous techniques for dye removal from wastewaters, biosorption is one of the most efficient for removal of different types of dyes (Wang ) . It is considered an economical and ecofriendly practice in comparison with other available methods. The use of low-cost biosorbents for dye removal has been widely reviewed (Gupta & Suhas ) . Some important biosorbents which have recently been studied for dye removal include pineapple leaf (Chowdhury et al. ) , tamarind fruit shell (Saha et al. ) , sugar beet (Malekbala et al. ) , rice husk (Safa & Bhatti ) , Thuja orientalis cone powder (Akar et al. ) , Luffa cylindrica fiber (Demir et al. ) , coffee bean (Baek et al. ) , kenaf (Sajab et al. ) , jackfruit leaf powder (Saha et al. ) and tree leaves (Deniz & Saygideger ) . The main advantages of this process are simple operation, rapidity, potential cost effectiveness, selectivity and reusability of some biosorbents, and the low quantity of sewage sludge disposed of.
The biosorption process might be influenced by some variables such as pH, the biosorbent amount, sorbate concentration, contact time, and temperature. The aim of this study was to investigate the biosorption potential of Robinia pseudoacacia tree leaves to treat wastewaters contaminated with pyrocathechol violet dye. R. pseudoacacia tree leaves are in abundant supply, inexpensive and easily available in countries such as Iran. The experimental conditions were performed using multivariate optimization techniques. The multivariate chemometric approach is advantageous for the reduced number of laboratory experiments, the increased possibilities for evaluating interactions among the variables, and the relatively low cost compared to traditional univariate approaches.
Statistical methods of experimental design and system optimization, such as factorial design and response surface analysis, have been applied to different adsorption systems because of their capacity to extract relevant information from systems while requiring a minimum number of experiments. Response surface methodology is a collection of statistical tools for designing experiments, model development, evaluating the effects of factors and searching for optimum conditions of factors for desirable responses (Box et al. ) . Box-Behnken statistical design is one type of response surface methodology design, which is an independent, rotatable or nearly rotatable, quadratic design having the treatment combinations at the midpoints of the edges of the process space and at the center (Govender et al. ) .
The Box-Behnken design is a very efficient model, since it requires a small number of runs and, therefore, is an important alternative avoiding time-consuming experiments.
A four-factor Box-Behnken experimental design was used to investigate and validate the initial concentration of used dyes, pH, contact time and temperature of the aqueous solution influencing the removal of pyrocatechol violet (PCV) by Robinia. The data was analyzed by fitting to a second-order polynomial model, which was statistically validated by performing analysis of variance (ANOVA) and a lackof-fit test to evaluate the significance of the model. The kinetic, isotherm and thermodynamic biosorption studies were conducted to evaluate the dye removal ability of Robinia.
MATERIALS AND METHODS

Preparation of the biosorbent
The R. pseudoacacia tree leaves were gathered from twigs into clean plastic bags, washed with ion-free distilled water and then dried at 80 W C for 24 h. The dried biomass was powdered with a mortar and pestle. The powdered biomass was sieved to pass through a 50 mesh sieve (0.29 mm) to obtain uniform particle size and then stored in plastic bags before being used as a biosorbent in batch studies. The mesh size sieve was examined in the range 30-70, and no significant effect was observed on adsorption. Modification of biomass with NaCl increased the amount of dye absorbed. This could be due to activation of the internal biosorbent surface and production of more binding sites for the dye. Modified biosorbent was treated with 0.1 mol L À1 NaCl for 60 min and excess NaCl was removed by washing several times with distilled water. The final modified biosorbent was dried on a clean 
where C 0 and C e (mg L À1 ) is the initial and equilibrium concentrations of dye solution, respectively, V is the volume of dye solution (L) and m is the mass of the biosorbent (g).
Full factorial design
Biosorption capacity may be significantly influenced by sev- 
RESULTS AND DISCUSSION
Full factorial design
In this study, a full factorial design included 2 4 experiments used to identify effective factors and their interactions. Table 3 . The results from ANOVA showed that all the main factors, initial dye concentration (X 1 ), pH (X 2 ), contact time (X 3 ), temperature (X 4 ) and interaction factors (X 1 X 2 , X 2 X 4 and X 3 X 4 ) have a p-value <0.05, indicating they are significant. In order to better evaluate each factor and its interactions, the normal probability plot of standardized effects for R. pseudoacacia is presented in the most significant effect on response. These results confirm the previous normal probability plot and the values of Table 3 .
Box-Behnken designs
After performing a screening of factors using a full 2 4 factorial design, a Box-Behnken response surface design was carried out according to experiments described in Table 4 . A significant advantage of Box-Behnken statistical design is that it is a more cost-effective technique compared with other techniques such as central composite design, three-level factorial design and D-optimal design, which require fewer experimental runs and less time for optimization of a process.
A four-factor, three-level factorial Box-Behnken design was employed to investigate the effects of selected variables.
The number of experiments (N) required for the development
(where k is number of factors and C 0 is the number of central points). The Box-Behnken design and the responses are illustrated in Table 4 . The second-order polynomial analysis and quadratic model were employed to find out the relationship between variables and responses. To predict the optimal point, the full quadratic equation model was expressed according to following equation: where Y is the predicted response and X i represents the effect of the independent variables. Thus, X i 2 and X i X j represent the quadratic and interaction terms, respectively; β i , β ii and β ij ( 
The ANOVA was carried out to determine the significance of the model equation and the model terms (Table 5 ).
Significance of model terms is checked by their respective pvalues: a p-value less than 0.05 suggests model terms are significant and less than 0.0001 are highly significant. It was concluded that all the linear and quadratic terms were highly significant, while interaction terms, except for the interaction of X 2 X 3 and X 3 X 4 , were also found to be significant at the 95% confidence level. The interaction of X 2 X 3 and X 3 X 4 demonstrated the lowest effect on the PCV removal efficiency
To further validate the model, the quality of the fitted model was evaluated by the coefficients of determination Lack of fit was found to be non-significant (p ¼ 0.798) and it indicated that the model equation was valid for the biosorption PCV onto Robinia powder.
The significance of each coefficient was determined by pvalues, which are listed in Table 6 . As can be seen, the constant term and the linear and square coefficients were statistically significant at a confidence interval of 95%. In contrast, the interaction of X 2 X 3 and X 3 X 4 were statistically insignificant.
Therefore, by elimination of insignificant terms, the model can be rewritten with significant terms (Equation (5)): 
Biosorption kinetics
Biosorption kinetics is one of the most important parameters that significantly depict the features of a biosorbent. Adsorption kinetics shows a strong dependence on the physical and/or chemical characteristics of the sorbent material, which also influences the sorption mechanism (Ofomaja ). In the present study, the commonly used models, pseudo-first and pseudo-second order models were chosen to describe the kinetic biosorption data.
The pseudo-first order kinetic model can be expressed by the following equation:
where q e and q t (mg g À1 ) refer to the amounts of dye adsorbed at equilibrium and at time t (min), respectively, and k 1 (min À1 ) is the equilibrium rate constant of pseudofirst-order sorption. The k 1 and q e were determined from the slope and intercept of plots of ln (q e À q t ) versus t, respectively, as shown in Figure 4 (a).
The pseudo-second-order kinetic model can be expressed by Equation (7) (Ho & McKay ) :
where k 2 (g mg À1 min À1 ) is the rate constant for the pseudosecond-order kinetic model. The plot of t/q t versus t gives a straight line with a slope of 1/q e and an intercept of 1=k 2 q 2 e (Figure 4(b) ). Kinetic parameters and regression coefficients (R 2 ) for the two kinetic models were obtained and are presented in Table 7 .
The sorption system will follow a specific kinetic model if the R 2 value exceeds 0.98 and the calculated q e value is comparable to that of the experimental value (Farooq et al. ) . The correlation coefficients (R 2 ) for the pseudo-first and pseudo-second order kinetic model were higher than 0.99 (Table 7 and Figure 4) . Moreover, the experimental q e value (4.288 mg g À1 ) were very close to the theoretical q e value (4.308 mg g À1 ) calculated from the pseudo-second-order kinetic model. These results indicated that the biosorption of PCV on R. pseudoacacia can be well described by the pseudo-second-order Figure 3 | The normal probability plot of residuals. 
where C e is the concentration of PCV at equilibrium (mg L 
where be expressed as follows:
where q e represents the amount of dye adsorbed at equilibrium 
Biosorption thermodynamics
The thermodynamic parameters reflect the feasibility and spontaneous nature of the biosorption process. 
The combination of Equations (11) and (12) gives: where
are changes of Gibbs free energy, enthalpy and entropy, respectively; R is the universal gas constant (8.314 J mol À1 K À1 ) and T is the absolute temperature in Kelvin; K C is the ratio of concentration of C s on biosorbent at equilibrium (q e ) to the remaining concentration of the dye in solution at equilibrium (C e ). By plotting a graph of ln K c versus 1/T, the enthalpy (ΔH W ) and entropy (ΔS W ) of biosorption were estimated from the slope and intercept, respectively ( Figure 6 ). 
Desorption and regeneration studies
To evaluate the possibility of regeneration of R. pseudoacacia biosorbent, we performed desorption experiments.
The reusability of biosorbents is of great importance as a cost-effective process in water treatment and is crucial in assessing their potential for commercial application. The regeneration of biosorbent was studied via several biosorption-desorption cycles. We carried out desorption and regeneration studies by using 0.1 mol L À1 NaOH solution.
The desorbed R. pseudoacacia powder was washed several times with deionized water and was used in the next biosorption-desorption cycle. The results are presented in Figure 7 . It can be seen that after four biosorption-desorption cycles, the biosorption efficiency of R. pseudoacacia powder decreased by 10% after the fourth cycle. This behavior indicates that the R. pseudoacacia powder can be used successfully four times after regeneration for the PCV biosorption from aqueous solution.
CONCLUSION
In this study, the potential of R. pseudoacacia tree leaves as a natural biosorbent was investigated for removal of PCV from aqueous solution. The full factorial design was used to screen variables affecting the biosorption process, to estimate the main effects and interaction effects of different variables. Based on the results of the ANOVA test, main factors such as dye concentration, contact time, pH and temperature were determined as effective factors and should be optimized. According to the normal probability plot and Pareto chart, the initial dye concentration and pH are the most significant factors in the response. As a specific amount of biosorbent must be used for removal of PCV from aqueous solution, and by considering the biosorption capacity, the amount of dye was essentially an important factor. pH may be of great importance as the dye structure is changed by changing the pH, which affects the acidic and basic groups present in the structure of the dye.
Box-Behnken experimental design, as a powerful response surface methodology, was utilized for optimization.
A second-order polynomial model successfully described the effects of variables on the PCV dye removal. The experimental data indicated that biosorption of PCV dye onto R. pseudoacacia powder was spontaneous and exothermic in nature and the kinetic data were best described by the pseudo-second order model. The equilibrium data could be well fitted by the Freundlich isotherm models. The results of the present study suggest that R. pseudoacacia tree leaves could be used as an effective, low cost and eco-friendly biosorbent for the removal PCV from aqueous solutions.
